Nonlocal response of the surface to the incident light is included into an ab initio one-step photoemission theory. Surface-state normal emission spectra from Be͑0001͒ and Al͑100͒ are calculated by a full-potential scattering method and are found to agree well with the experiment in a wide energy range. The total exciting field is obtained within the random-phase approximation for jellium as well as for one-dimensional crystal models of the two surfaces. Material dependence of the multipole plasmon mode and strong effect of band structure on the photoyield is discussed.
I. INTRODUCTION
Over recent years interest has grown in photoemission at low photon energies: the ability to reach a higher bulk sensitivity of angle-resolved photoemission spectroscopy ͑ARPES͒ at lower kinetic energies has given rise to the development of new laser 1 and synchrotron-based 2 light sources. A related issue of fundamental and technological interest is the design of laser-driven photocathodes of high quantum efficiency for free-electron lasers. 3 At the photon energies of a few electron volts the dielectric response of the crystal becomes important. In particular, in metals, below the plasmon energy the microscopic fields generated at the surface by p-polarized light greatly enhance the emission intensity. 4 Another important aspect of the low kineticenergy regime is that the photocurrent strongly depends on the elastic scattering in the bulk and at the surface ͑low-energy electron diffraction, LEED͒. This calls for an ab initio photoemission theory that incorporates a spatially variable exciting electric field.
Experimentally, the enhancement of total photoyield below the bulk plasma frequency p is well studied for simple metals. 5 Especially informative is the constant initial state ͑CIS͒ mode of ARPES because the photoelectron initial and final states are well defined. Low-energy CIS spectra were reported for Al͑100͒ in Ref. 6 and then for Be͑0001͒ in Ref. 7 and Al͑111͒ in Ref. 8 .
Qualitatively, the emission enhancement is well understood as due to the excitation of a multipole surface plasmon, 9 which had been predicted to appear for a sufficiently smoothly decaying electronic density at the surface. 10 The multipole mode is a result of the nonlocal dielectric response at the surface. It was obtained by Feibelman 11 in the random-phase approximation ͑RPA͒ for the response function in a jellium model. The local-field enhancement and the power absorption at the surface are presently well understood, 4 however, the question whether the absolute values of the predicted local fields are realistic has never been raised. In metals with high electronic density, such as Al and Be, the multipole plasmon is only weakly manifested in electron-energy-loss spectra 12 because it is blurred by a strong surface monopole plasmon. Thus, photoemission experiment is the only way to answer the question. For reliable conclusions, the spectrum must include also the high-energy region, where the exciting field is spatially constant, and which may serve as the reference to measure the intensity of local fields. Till now only a few theoretical studies considered the effect of induced fields on photocurrent, and they all were restricted to low energies. The jellium model 11 described rather well the shape of the measured Fermi-level CIS spectrum of Al͑100͒, 6 but further attempts to reproduce the surface-state spectrum of Al͑100͒ within simplified models for the band structure 13, 14 gave only a qualitative agreement with the experiment.
In the present study we go beyond the qualitative understanding of photocurrent in terms of power absorption and apply a microscopic theory to the two available experiments on surface-state emission: to the well-studied case of Al͑100͒ and to Be͑0001͒, which has not been theoretically addressed. Our aim is to elucidate the relation between the spatial structure of the electric field and the photoemission intensity and to reveal the role of the actual band structure. This role is threefold: ͑i͒ the nonfree-electron character of the photoemission initial and final states, ͑ii͒ the effect of optical absorption due to interband transitions on the classical Fresnel field, and ͑iii͒ the effect of crystallinity on the nonlocal dielectric response. In the present theory the first aspect is fully taken into account: the spatially varying exciting field is included into a one-step theory of photoemission 15, 16 based on an all-electron self-consistent full potential both in the bulk and at the surface. The classical field in vacuum E vac is derived from the Fresnel equations using experimental dielectric function ͑DF͒ from Ref. 17 . The nonlocal response is treated approximately: apart from the well-studied jellium model we shall consider a more general case of onedimensional ͑1D͒ crystallinity, which introduces the damping due to electron-hole excitations, albeit underestimated, and eliminates the uncertainty of the jellium model in locating the edge of the positive background relative to the crystal surface.
II. SURFACE DIELECTRIC RESPONSE
For a system inhomogeneous only in the surface-normal direction z, the z component of the electric field is the solution of the 1D integral equation
The classical field E z vac is fixed by the experimental DF ⑀ mac and the approximate microscopic theory is used to derive the spatially varying total field. To obtain the total exciting field we follow the approach by Samuelsen and Schattke, 18 which reduces the calculation of the response to the transverse field to the response to a scalar field, with the external scalar field taken as an evanescent wave ext ͑r͒ = − ͑2/q͒exp͑iq ʈ r ʈ + qz͒ with q = q ʈ . The limit q → 0 is ensured by the numerical convergence of the results for 2 / q much larger than the lattice constant.
In the present work the self-consistent RPA response function is calculated in a finite-thickness slab geometry 19 ͑60 atomic layers for both surfaces͒ for the laterally averaged model potential, 20 which is constructed so as to give the correct parameters of the gap at ⌫ and the location of the surface state. It is straightforward to generalize this scheme to a true three-dimensional crystal potential, however, this exceeds our present computer capabilities. The response of the electronic system to the external scalar field ext is determined by the equation
where tot is the total self-consistent field and the functions 0 and are the two-dimensional ͑2D͒ Fourier transforms of the noninteracting and interacting density-response functions, respectively. The noninteracting response function is derived from the single-particle eigenfunctions n , which in the geometry of thick repeated slabs are standing waves in the surface perpendicular direction and are independent of the surface parallel Bloch vector
Here the sum over n and m comprises both occupied and unoccupied states and . In the present approach the latter is determined from the classical Fresnel equations.
III. ONE-STEP PHOTOEMISSION THEORY
In the one-step theory 21 the photocurrent is given by the transition probability from the initial state ͉i͘ of energy E to the time-reversed LEED state ͉f͘ of energy
where K is the final kinetic energy. The surface state ͉i͘ is a discrete eigenstate of the semi-infinite crystal and the LEED state is a scattering solution for a plane wave incident from vacuum. A self-consistent ͑in the local-density approximation͒ crystal potential is constructed with the full-potential linear augmented plane-wave ͑APW͒ method. 22 The potential at the surface is calculated in a repeated slab geometry ͑ten layers for Be and 17 layers for Al with vacuum intervals between the slabs͒. The surface is embedded between the bulk and the vacuum half spaces, and the wave functions of surface and LEED states are calculated with the APW-based scattering technique described in Ref. 15 ; the specific application to photoemission from surface states was presented in Ref. 16 .
To calculate the matrix elements in Eq. ͑5͒, the allelectron wave functions are expanded in plane waves using the gouging technique introduced in Ref. 22 : each atom is surrounded by a small sphere ͑0.5 a.u. radius͒, within which the wave function is damped to reduce its oscillations. The resulting pseudowave function has a rapidly convergent plane-wave expansion, which facilitates the calculation, and only a small contribution to the matrix element from the close vicinity of the nuclei is lost. The high quality of this approximation for the calculation of momentum matrix elements was demonstrated in Ref. 23 . When the spatially varying field is included the integration over z is performed in real space limited to the depth of 50 a.u. inside the crystal, which introduces a negligible error.
The inelastic scattering of the outgoing electron is described by the imaginary potential −iV i added to the Hamiltonian in the crystal half space. This is the only unknown parameter of the theory, however, according to previous experience, 24, 25 it is not strongly material dependent and has a common behavior: V i is close to zero at the Fermi energy, sharply increases at p and then steadily grows with energy. Assuming this shape, we deduced the functions V i ͑E͒ from previous results for Al͑100͒ ͑Ref. 25͒ with an expected un-certainty of Ϯ0.5 eV. The V i ͑E͒ curve for Be͑0001͒ is shown in the inset of Fig. 3 and estimated intensity uncertainty is shown in Figs. 2͑c͒, 2͑d͒, and 3͑b͒ by shading.
IV. RESULTS AND DISCUSSION
In the jellium case, light is absorbed only at the surface, and the absorbed power is proportional to the imaginary part of the centroid of the induced density d Ќ ͑͒. 4 In a crystal, owing to the bulk local fields, the induced microscopic dipole moment extends to macroscopic distances, and surface and bulk absorption cannot be unambiguously separated. The surface absorption is, however, clearly seen in the energydepth distribution P͑z , ͒ of the absorbed power: the results for the 1D crystal and jellium models of Al͑100͒ and Be͑0001͒ for p-polarized light incident at 45°are shown in Fig. 1 along with field intensity I͑z , ͒, which is the relevant quantity for photoemission. Above p bulk plasmons are excited, the momentum being provided by the surface: the plasmon wave vector increasing with energy is clearly seen for jellium models and for crystalline Al, but in Be it is blurred by the more strong crystal fields. Below p surface absorption peaks at the multipole plasmon energy m ϳ 0.8 p in all cases, in perfect agreement with the earlier jellium theory. 4 For a more detailed comparison, in Fig. 2 we show vertical cross sections at the surface of the maps of Fig. 1 .
The effect of optical absorption Im ⑀ mac on intensity I͑z , ͒ is negligible below p , but around the classical resonance c = p ͱ 2, where reflected and incident field are in phase, it is very strong, e.g., in Be it reduces the field intensity by a factor of 4. This was found by replacing the experimental DF with the Drude expression.
In the jellium model, the field intensities below p are very close for Al and Be, see I s ͑͒ curves in Figs. 2͑a͒ and 2͑b͒, as expected from their close bulk electronic densities. However, the inclusion of the 1D crystallinity introduces dramatic differences: the multipole peak becomes much higher and sharper in Be͑0001͒ than in Al͑100͒. To see how these features are manifested in photoemission we shall include the calculated total field into the perturbation operator ⌬Ĥ = A͑r , ͒ · p + p · A͑r , ͒ of Eq. ͑5͒
The calculated photon-energy dependence of the normal emission intensity ͑J scr for the screened field and J wos without screening͒ from the surface states on Al͑100͒ and on Be͑0001͒ is compared to the measurements in Figs. 2͑c͒ and 2͑d͒. The spectra with screened exciting field are in good agreement with the experiment regarding the energy location and the shape of the two maxima due to dielectric response: the multipole plasmon at m and the classical resonance at c . The J wos ͑͒ curve ͓with E z ͑z ; ͒ = const͔ shows distinct (f)
͑Color online͒ Effect of screening in Al͑100͒ ͑left͒ and Be͑0001͒ ͑right͒. ͓͑a͒ and ͑b͔͒ Power absorption density P s ͑͒ and field intensity I s ͑͒ at the surface are the average of the P͑z , ͒ and I͑z , ͒ maps in Fig. 1 over a range from z = −4 to 1 a.u. In all graphs solid lines are for 1D crystal and dashed for jellium. ͓͑c͒ and ͑d͔͒ Surface-state intensity with ͑solid and dashed lines͒ and without screening ͑dotted-dashed͒. Shading shows the estimated error due to the uncertainty in optical potential V i of Ϯ0.5 eV. Circles are the measurements for Al͑100͒ ͑Ref. 6͒ and for Be͑0001͒ ͑Ref. 7͒. ͓͑e͒ and ͑f͔͒ Reactivity R = J scr / ͓J wos I s ͔. structures due to quasidirect transitions, in contrast to its previous interpretation as pure surface photoeffect. 11, 13 The band-structure effects influence also the emission by the screened field, which can be expressed by the reactivity R͑͒ = J scr ͑͒ / ͓J wos ͑͒I s ͔͑͒, see Figs. 2͑e͒ and 2͑f͒. The dimensionless normalization factor I s ͑͒ ͑average intensity at the surface in units of incident intensity, see the caption of Fig. 2͒ is introduced to eliminate the dependence on the amplitude of the total field, which strongly varies with . Thus, R͑͒ is sensitive to the spatial structure of the exciting field and can be thought of as its form factor since for a spatially uniform field it is unity. The normalization by I s ͑͒ is somewhat arbitrary, but the similar overall shape of the curves for jellium and for 1D crystal models suggests that this is a reasonable choice. The R͑͒ curves reveal the difference between the two metals: Al turns out three times more reactive to the multipole mode than Be. Of course, the values depend on the initial state, and they would be different for the total photoyield, but this example gives an estimate of how strong its material dependence may be.
Finally, we prove that our theory gives realistic values for the strength of the exciting field and for the enhancement of photoyield. Figure 3 compares our results for the 1D crystal to the experiment on Be͑0001͒. 7 The region well above p , where the dielectric response is negligible, provides the required reference. The spectral shape is well described over the whole range, in particular, the structures B-E that manifest the strongly nonfree-electron character of the final states: Fig. 3͑a͒ relates the maxima B-E to the complex band structure of the LEED states in the A⌫A interval of the bulk Brillouin zone. The intensity is distributed over several conducting branches ͑i.e., partial waves that effect the escape of the photoelectron͒, and the observed spectrum results from a superposition of transition amplitudes to different Bloch waves.
The theory rather accurately describes the intensity variation by 2 orders of magnitude in the interval 10-50 eV, although it does not account for the further decrease in intensity at higher energies. Assuming that the higher intensities are experimentally more reliable, in Fig. 3 we adjusted the curves so as to match over the interval 25-45 eV. The good agreement in the intensity of the multipole plasmon peak suggests that the present model for the dielectric response is adequate for real surfaces. Still, both in Be and in Al the theory underestimates the intensity of the multipole plasmon peak relative to the classical enhancement at c . In the experiment, an additional enhancement of photoemission may be caused by the contribution from the radiative decay of the monopole plasmon at p / ͱ 2, which may couple to light due to the surface roughness.
V. SUMMARY
To summarize, we have incorporated the spatial structure of the exciting field into an ab initio one-step theory and have presented the evidence that the induced field obtained within the nonlocal RPA is very realistic. We have compared the jellium and the 1D crystal models for the dielectric response and have found the 1D crystallinity to have only a minor effect on the energy location of the multipole plasmon. However, the amplitude of the exciting field is considerably affected, which means that it may be rather different in materials with close average electronic densities.
In the simple metals Al and Be the final states are proved to be far from free-electronlike, and the emission both at low and at high energies is not a pure surface photoeffect. This causes the material dependence of the multipole plasmon enhancement of photoemission, which, for the surface-state emission, in Al͑100͒ is three times higher than in Be͑0001͒. Thus, both the effect of crystal structure on the electric field at the surface and on the photoemission final states should be taken into account in order to understand low-energy spectra, and the present approach provides a practicable scheme to include both effects. 
